Ta-inserted SmCo 5 /Fe nanocomposite thick lm magnets were synthesized by high-speed pulsed laser deposition followed by pulse annealing. The microstructures of the lm magnets were characterized by high-resolution scanning electron microscopy and scanning transmission electron microscopy. The as-deposited thick lm possessed a multilayered Sm-Co/Ta/α-Fe/Ta structure with amorphous Sm-Co layers and [110]-oriented crystalline α-Fe layers. After pulse annealing, many ne grains of Laves phase TaCo 2 were formed, and then the multilayered structure was converted to a granular nanocomposite thick lm magnet composed of ne crystalline grains of Sm(Co, Fe) 5 , α-(Fe, Co), and TaCo 2 . The volume fractions and grain sizes of hard magnetic Sm(Co, Fe) 5 , soft magnetic α-(Fe, Co), and TaCo 2 were controlled by the thicknesses of the Ta layer, producing a nanocomposite thick lm magnet with good exchange coupling.
Introduction
Permanent magnets that can be used at high temperatures (>200 C) and that do not contain heavy rare-earth elements are required. SmCo 5 /α-Fe nanocomposite magnets have attracted much attention because of the high Curie temperature of SmCo 5 (T c 747 C) and the large saturation magnetization of α-Fe (M s 2.16 T). Neu et al. 1, 2) achieved epitaxial growth of [SmCo 5 /α-Fe] n /SmCo 5 (n = 1 − 5) multilayers by pulsed laser deposition (PLD) and an energy density of more than 400 kJ/m 3 was realized in the thin lm of n = 2 (total thickness of about 75 nm). Sub-millimeter thick lm magnets are required for practical applications. Fukunaga et al. 3, 4) reported that Sm-Co/α-Fe multilayered thick lm magnets were fabricated by high-speed PLD. 5, 6) However, the interlayer diffusion of Fe and Co was increased by crystallization during annealing, degrading the magnetic properties.
In this study, we synthesized SmCo 5 /Ta/α-Fe/Ta multilayered thick lm magnets, in which a Ta layer was inserted between the Sm-Co and α-Fe layers. We chose Ta as the diffusion barrier layer because Ta is a refractory metal and is expected to work as a diffusion barrier. The microstructures of the synthesized lm magnets were investigated by high-resolution scanning electron microscopy (HRSEM) and scanning transmission electron microscopy (STEM). Based on these results, we discuss the synthetic conditions for obtaining higher performance SmCo 5 /α-Fe thick lm magnets.
Experimental
A diagram of the high-speed PLD method using a composite target is shown in Fig. 1 . Two kinds of composite targets, which were composed of SmCo 5 , α-Fe, and Ta segments, were prepared with different area fractions. The targets were ablated with a Nd:YAG laser and rotated at a speed of 6.5 rpm during the ablation, and then two kinds of multilayered lms were deposited on Ta-foil substrates at room temperature. For both lms, the distance between the target and the substrate was 10 mm and the deposition time was 3.6 ks. The nominal structures of one cycles for these two lms were [Sm-Co (18 nm)/Ta (1.3 nm)/Fe (5 nm)/Ta (1.3 nm)] (STF-1) and [Sm-Co (11 nm)/Ta (0.5 nm)/Fe (4 nm)/Ta (0.5 nm)] (STF-2). The Sm-Co layers in the as-deposited STF-1 and STF-2 lms were amorphous, and they were crystallized by pulse annealing for about 2.0 s in an infrared furnace with an output power of 8 kW under a high vacuum of 5 × 10 −4 Pa. 5-7) Although we could not measure the sample temperature T s because of its extremely high ramp rate, the peak value of T s is estimated to be higher than 873 K, because magnetic hardening for our specimens occurs by an isothermal annealing higher than 873 K.
The in-plane magnetic properties of the lms were evaluated with a vibrating sample magnetometer (TM-VSM2430, Tamagawa) after magnetization under a pulsed magnetic eld of 6.4 MA/m. Microstructure analyses were performed by HRSEM (Ultra 55, Carl Zeiss) and STEM (Titan Cubed, FEI). The specimens for HRSEM and STEM were fabricated by Ga focused ion beam (FIB) milling (Versa 3D DualBeam, FEI) with a lift-off technique. Surface damage caused by FIB milling was removed by low-angle Ar ion milling (1050, Fischione Instruments). The STEM observations and energy dispersive X-ray spectroscopy (EDS) analysis were carried out by STEM with an EDS system containing four windowless Si drift detectors (Titan Cubed, Super-X, FEI).
Results and Discussion
Figures 2(a) and (b) show the hysteresis loops of the pulse-annealed STF-1 and STF-2 specimens. The hysteresis measurements were carried out with the applied eld parallel to the lm plane. The observed hysteresis curves are asymmetric with respect to the applied magnetic eld, which suggests that magnetization of Sm-Co is not reversed in places under the maximum negative applied eld (approximately 1.9 MA/m) because of their high coercivity. Both of the hysteresis loops exhibit smooth curves without steps, indicating single-phase-like behavior with strong exchange coupling between the soft and the hard magnetic phases. The STF-1 specimen has a high coercivity (H c = 958 kA/m), although the remanence is low ( Fig. 2(a) ). In contrast, the STF-2 specimen has a high remanence (B r = 0.67 T) and energy density ((BH) max = 59 kJ/m 3 ) ( Fig. 2 
(b)). Figures 3(a) and (b)
show the HRSEM back-scattered electron (BSE) images of the as-deposited and the pulseannealed STF-1 specimens, where the BSE images mainly re ect the Z-contrast, or the compositional contrast. 8) In the as-deposited specimen ( Fig. 3(a) ), thin layers with bright and dark contrasts are alternately deposited on the micrometer scale, although several droplets are formed. The enlarged image (inset of Fig. 3(a) ) clearly indicates that a multilayered structure is formed by depositing thin lms with a period of about 20 nm per cycle. In the pulse-annealed specimen ( Fig. 3(b) ), the multilayered structure almost disappears and a nanocomposite texture consisting of ne particles is formed. These results indicate that the multilayered structure is converted to a granular nanocomposite texture by pulse annealing.
Figures 4(a) and (b) show the STEM high-angle annular dark eld (HAADF) image and the selected area electron diffraction (SAED) pattern of a typical microstructure for the as-deposited STF-1 specimen. In Fig. 4(a) , the image contrast roughly re ects the Z-contrast (the averaged atomic numbers), showing that the Ta thin layers (brightest layers) are formed on both sides of the Fe layers (darkest layers). The multilayered structure consists of [Sm-Co (14 nm)/Ta (3 nm)/α-Fe (5 nm)/Ta (3 nm)], and the thickness of one cycle is approximately 25 nm. This layer is thinner than the thin lm fabricated by Neu et al., 1) and is the same as that in the ideal nanocomposite magnet predicted by Fukunaga et al. 9) The main diffraction spots in Fig. 4(b) correspond to the re ections of α-Fe [111] incidence, indicating that the α-Fe layers in the multilayered structure are formed with [110] oriented along the deposition direction. The SmCo 5 layers are amorphous because the diffuse rings appear around the positions that correspond to the lattice spacing of SmCo 5 (P6/mmm, hexagonal, CaCu 5 structure 10) ). PLD had high kinetic energy, we consider that the Sm(Co, Fe) 5 , α-(Fe, Co), and Ta-Co layers were formed by mutual diffusion after the atoms reached the substrate. The STEM-HAADF image and the SAED pattern of the typical microstructure of the pulse-annealed STF-1 specimen are shown in Figs. 5(a) and (b) . In the enlarged image (inset of Fig. 5(a) ), there are three types of ne grains: α-(Fe, Co) grains of about 40 nm in diameter, visible as dark contrast; Sm(Co, Fe) 5 grains of about 60 nm in diameter, visible as gray contrast; and Ta-Co grains of about 30 nm in diameter, visible as bright contrast. The SAED pattern of Fig. 5(b) indicates that the amorphous Sm(Co, Fe) 5 layers are crystallized to form many ne Sm(Co, Fe) 5 grains with random orientations. Furthermore, the [110]-oriented α-(Fe, Co) layers are transformed to ne crystalline grains with random orientations. High-resolution TEM (HRTEM) was performed to explain the destruction of the multilayered structure. Figure 6 shows the HRTEM image of part of the typical texture of the pulse-annealed STF-1 specimen, where a pentagonal grain with many planar defects is observed in the central part of the image. Figures 6(c) -(e) show Fourier spectra obtained from areas 1-3 in Fig. 6(a) . The Fourier spectra indicate that the α-Fe and SmCo 5 phases are formed in areas 1 and 3, respectively. In FFT-2, diffraction spots corresponding to a MgCu 2 (C15) Laves phase structure appear with streaks along the [111] direction, indicating that the pentagonal grain in Fig. 6(a) is an intermetallic TaCo 2 compound. MgCu 2 Laves phases are frequently formed in the AB 2 (A = Zr, Nb, Hf, Ta; B = Mn, Fe, Co, Ni) alloys and often contain a large amount of {111} planar defects. 11, 12) Furthermore, MgCu 2 Laves phases show interesting magnetic properties, such as metamagnetic transitions; however, TaCo 2 is a paramagnetic phase, except for at low temperatures. 13) Thus, during pulse annealing, Ta and Co react easily to form many ne crystalline TaCo 2 grains. Consequently, the multilayered structure is converted to a granular nanocomposite texture that consists of grains of hard magnetic Sm(Co, Fe) 5 , soft magnetic α-(Fe, Co), and paramagnetic TaCo 2 . Figure 7 shows the STEM-HAADF image and EDS chemical maps for the pulse-annealed STF-1 specimen. In the overlaid map (Fig. 7(f) ), the blue, pink, and yellow-green areas correspond to ne grains of Sm(Co, Fe) 5 , α-(Fe, Co), and TaCo 2 , respectively. The sizes and distributions of the ne grains of the three phases are visualized in the overlaid map. Similar STEM analysis was performed for the STF-2 specimen. The STEM-EDS overlaid maps of the typical microstructures for the pulse-annealed STF-1 and STF-2 specimens are shown in Figs. 8(a) and (b) , respectively. There are fewer TaCo 2 grains in STF-2 than in STF-1, and the grains are larger. The Sm(Co, Fe) 5 and α-(Fe, Co) grains grow bigger in STF-2. The volume fractions, V, and the average grain sizes, D a , estimated from the EDS maps are listed in Table 1 . The volume fraction of TaCo 2 in STF-1 ( 24%) is higher than that in STF-2 ( 18%). This means that the thicker Ta layer in the as-deposited state produces a larger amount of TaCo 2 after annealing. However, there are fewer, smaller α-(Fe, Co) grains in STF-1 than in STF-2, regardless of the layer thickness. This suggests that the diffusion of Co from Sm(Co, Fe) 5 to α-(Fe, Co) is suppressed as the Ta interlayer thickness increases. Furthermore, in STF-1 with thick Ta layers, grain growth beyond each layer is suppressed, and the Sm(Co, Fe) 5 and α-(Fe, Co) grain sizes remain small. Therefore, in the STF-1 specimen, the thick Ta layer produces a large amount of hard magnetic Sm(Co, Fe) 5 , and the small grain sizes of the hard and soft magnetic phases produce the high coercivity (H c = 958 kA/m). In the STF-2 specimen, the thin Ta layer produces a large amount of soft magnetic α-(Fe, Co) and relative large grain sizes in all phases, leading to the high remanence (B r = 0.67 T) and energy density ((BH) max = 59 kJ/m 3 ). Therefore, the volume fractions and the grain sizes were controlled by the thickness of the Ta interlayer.
If the Ta layer is thin, Co diffusion is not suppressed, and the SmCo 5 (CaCu 5 ) ordered phase is not formed. However, the TEM results only showed the Sm(Co, Fe) 5 phase. Therefore, we assume that the mutual diffusion of Co and Fe between Sm(Co, Fe) 5 and α-(Fe, Co) is well balanced. Further investigation of the relationship between the thickness of the Ta interlayer and the composition shifts caused by the mutual diffusion of Co and Fe is required.
Based on our results, higher performance SmCo 5 /α-Fe nanocomposite thick lm magnets should be obtained if the volume fraction of α-Fe can be increased while retaining the Table 1 Volume fractions (V) and average grain sizes (D a ) of Sm(Co, Fe) 5 , α-(Fe, Co), and TaCo 2 phases for post-annealed STF-1 and STF-2 specimens. thick Ta layer. However, in this type of nanocomposite lm magnet, it is dif cult to achieve superior magnetic properties equal to those of the Nd-Fe-B magnets, even at the high temperatures ( 200 C). Consequently, it is necessary to maintain the multilayered structure consisting of fully aligned SmCo 5 /α-Fe layers by blocking interlayer diffusion.
We are currently investigating new interlayer materials.
Conclusions
Ta-inserted SmCo 5 /α-Fe thick lm magnets were prepared by high-speed PLD, and the microstructures of the lm magnets were characterized by HRSEM and STEM. The following results were obtained.
(1) In the as-deposited lms, multilayered thick lms can (2) During pulse annealing, ne crystalline grains of Laves phase TaCo 2 are formed, and then the multilayered structure is converted to Sm(Co, Fe) 5 /α-(Fe, Co)/TaCo 2 nanocomposite thick lm magnets.
(3) The volume fractions and the grain sizes of hard magnetic Sm(Co, Fe) 5 , soft magnetic α-(Fe, Co), and paramagnetic TaCo 2 can be controlled by the thickness of the Ta layers, allowing nanocomposite thick lm magnets with speci c coercivitiy and remanence to be obtained.
